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Physical organic probes of interfacial wettability reveal the
importance of surface dipole effects
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ABSTRACT: The interfacial wettabilities of self-assembled monolayers (SAMs) on gold generated from
trifluoromethyl- and methyl-terminated alkanethiols were evaluated using a combination of non-polar, polar protic
and polar aprotic contacting liquids. The wettabilities for the non-polar hydrocarbon liquids indicate that the
fluorinated films are wet less than the hydrocarbon films, demonstrating the non-ideal nature of dispersive interactions
between hydrocarbons and fluorocarbons. In contrast, the wettabilities for the polar liquids revealed that the
fluorinated films were wet more than the hydrocarbon films. The presence of interactions between the dipoles of the
liquid molecules and oriented GFCH, dipoles at the monolayer surface was proposed to rationalize the observed
trends. Furthermore, the wettabilities of the polar aprotic liquids exhibited an inverse odd—even trend that supports the
existence of oriented dipole effects upon wettability. The influence of the dipoles on the interfacial wettabilities was
further examined using a series of SAMs generated from terminally fluorinated hexadecanethiols having an increasing
degree of fluorination. As the dipoles were buried further into the monolayer surface, their influence on the
wettabilities decreased. The interfacial energies of wetting for these films were evaluated in terms of their works of
adhesion. These analyses provided evidence for the contribution of oriented dipoles to the interfacial interactions of
organic thin films, in addition to the commonly recognized contributions of dispersive and acid—base interactions.
Copyrightd 2000 John Wiley & Sons, Ltd.

KEYWORDS: wettability; dipole; fluorocarbon; self-assembled monolayers

INTRODUCTION interfacial properties of fluorinated organic materfafS.
These studies explored the wettability of a series of

Fluorinated organic surfaces exhibit interfacial properties homologousi-alkanes on monolayers generated from the
such as chemical inertness, water resistance and antiadsorption of homologous fluorinated alkanoic acids or
adhesiveness that give rise to their widespread use in aalkylamines on metal surfaces. The wettability of a liquid
variety of technologie$.For example, polytetrafluoro- on a monolayer was evaluated by measuring the
ethylene (PTFE or Teflon), the best known fluorinated advancing contact angléj that a drop of the liquid
organic material, can be used as a coating that retards thexhibited when in contact with the surface of the solid
biological rejection of medical implants, protects auto- (Fig. 1). When the cosines of the contact angles for a
motive components from oxidation and corrosion, and given monolayer were plotted against the surface
renders household cookware ‘non-sti¢k®. The suit- tensions {, /) of the corresponding-alkane contacting
ability of fluorinated surfaces in such a diverse range of liquids, a straight line of the form co8,=nm,_ +b
applications has generated considerable interest in the
research and development of new fluorocarbon-based
materials. Progress in these efforts, however, has been v
limited by an inadequate understanding of the relation-
ships between the chemical composition/structure and
the interfacial properties of these materials.

During the 1950s and 1960s, Zisman and co-workers —

conducted the first systematic investigations of the Figure 1. Schematic depiction of a drop of contacting liquid
on a solid surface under an atmosphere of vapor. The
relationship between the advancing contact angle (0,), the

Y1vCOS B, = Ysv - Yau
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of Houston, Houston, Texas 77204-5641, USA. free energy of the liquid-vapor interface (y), the free
E-mail: trlee@uh.edu energy of the solid-vapor interface (ysy), and the free energy
Contract/grant sponsorNational Science Foundatio@ontract/grant of th_e solid-liquid interface (ys) is given by Young's
number:DMR-9700662. equation: yC0S 65 = vy — YsL
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Figure 2. lllustration of SAMs on gold derived from the following series of alkanethiols: series 1, F(CF,),(CH,),»SH, where n=1,
m=12-15 (F1Hm); series 2, F(CF;),(CH>),,SH, where n=1-10, m= 15-6 (FnHm); and series 3, H(CH,),SH, where x=13-16

(Cx

(wherem= slopeandb = y-intercept)wasobtained.The
x-interceptof this line with the cos 6,=1 axis (where
0, = 0°) wasdefinedasthe critical surfacetension(yc) of
the monolayer,which was used as a measureof the
surfacefree energyof the monolaye®® Comparisorof
thecritical surfacetensionsof thefluorinatedmonolayers
with thoseof analogousydrocarbormonolayergyener-
ated from n-alkanoic acids and n-alkylaminesrevealed
that yc was significantly lower on the fluorinated
surfacesFurthermorewhenthe critical surfacetensions
of the fluorinatedmonolayerswere plottedasa function
of the numberof fluorinatedcarbonatomsperadsorbate,
vc decrease@sthe numberof fluorinatedcarbonatoms
increasedHence Zismanwasableto correlatethetrends
in wettability with changesn both the compositionand
structure of the outermost functional groups in the
monolayersurface.

Copyright0 2000JohnWiley & Sons,Ltd.

AlthoughLangmuirwasthefirstto suggesthatcontrol
overthe wettability and perhapotherinterfacial proper-
ties (e.g.adhesiorandfriction) of an organicfilm could
beachievedy selectivelyalteringthechemicalnatureof
the surfacecomponentg,Zisman’swork wasthefirst to
demonstratethat the interfacial properties could be
precisely controlled and quantified. Furthermore,Zis-
man’s work stimulateda plethoraof researchdirected
towardunderstandinghe interactionsat the solid—liquid
interface’® Neverthelessthe formulation of a detailed
theoreticajustificationfor theexperimentabbservations
was hinderedby the poor characterizatiorand limited
reproducibility of n-alkanoic acid and n-alkylamine
films .5~ Issuesthat have remainedunresolvedsince
Zisman'swork include (1) therole of surfacedipolesor
hydrogerbondingoninfluencinginterfacialwettabilities,
(2) the sensitivityof contactingliquids to the presencef

J. Phys.Org. Chem.2000;13: 796-807
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functionalgroupsbeneaththe monolayersurface and(3)
the relationship betweenthe packing density of the
adsorbateandthe wettability of the films.

To addressheseissueswe examinedhe wettabilities
of two series of self-assembledmonolayers(SAMSs)
generated from terminally fluorinated alkanethiols
F(CR)n(CH2)SH [series1, n=1, m=12-15 (F1Hm);
series 2, n=1-10, m=15-6 (FnHM)] on gold and
comparedthem with those of SAMs generatedfrom
hydrocarbom-alkanethiolH(CH,),SH[series3,x = 13—
16 (Cx)] on gold (seeFig. 2). Alkanethiols chemisorb
readily from dilute solution onto the surface of gold
substratesto form densely packed and well-ordered
monolayerfilms.° Moreover,owing to the well-defined
structureand oxidative inertnessof the gold substrate,
they can be characterizedby a variety of analytical
techniques! In order to characterize the wetting
interactionsfully, we employedthree different typesof
contactindiquids: non-polar(heptanedecanetridecane,
hexadecanecis-perfluorodecalin),polar protic (water,
glycerol) andpolar aprotic (acetonitrile, DMF, nitroben-
zene,DMSO, pyridine). Here,we usea physicalorganic
approachto establish the relationships between the
composition/struitire of the films and their interfacial
wettabilities.

RESULTS AND DISCUSSION
Wettabilities of terminally fluorinated SAMs

Initially, we examined the wettabilities of SAMs
generatedrom the CFs-terminatedalkanethiolsof series
1 andcomparedhemwith thoseof SAMsgeneratedrom
the analogousCHs-terminatedn-alkanethiolsof series
31213 The advancing contact angles of hexadecane,
glycerol, and water were measuredand evaluatedas a
function of the total number of carbon atoms per
adsorbaté€Fig. 3). Comparisorof thetwo typesof SAMs

120

a
110 4 o o o
1w] © > < <&
_. 90
3
o 80 -
o
S 701
o
@ 60 4
50ﬁ O/O\O/O
40
=~ a =
0 T T T T @
13 14 15 16

Total Number of Carbon Atoms

0, (degrees)

revealedhefollowing averagdifferencesn wettability,

A, =0, — 0.5 15° for hexadecane;-4° for glycer-

ol, and—6° for water.Thesedatasuggesthat,compared
with the CHs-terminatedsurfaces,the CFs-terminated
surfaceswere wet lessby the non-polarliquid, but wet

moreby the polar protic liquids. The resultsfor the non-

polar liquid were readily anticipatedin the light of the

well-known weakerdispersiveinteractionsof fluorocar-
bonsversushydrocarbond*°In contrasttheresultsfor

the polar protic liquids were surprisingin light of the

well-known hydrophobicityof fluorocarbonfilms.* The

contact-anglehysteresiswhich providesa measureof

surfaceheterogeneity® was evaluatedto determineif

differencedn surfaceroughnessvereresponsibldor the
seeminglyanomalousdata*® The measurementdow-

ever, indicated that all of the SAM surfaceswere
similarly homogeneougdata not shown). Instead,we

consideredwo phenomenahat might give rise to the
enhancedwettability of the polar protic liquids on the
CFRs-terminatedilms: (1) hydrogenbondingbetweerthe
polar protic liquids and the fluorine atoms of the
trifluoromethyl groups and (2) attractive interactions
betweenthe permanentdipoles of the contactingpolar
protic moleculesandorientedCF—CH, (R—Ry) dipoles
at the surfaceof the SAMs.

Since surfacesconsistingof highly fluorinated seg-
ments suchasperfluorocarbongxposahesamecarbon-
boundfluorine atomsasthe CFs-terminatedSAMs, the
potential for hydrogen bonding betweenpolar protic
liquids andfluorineatomsatthesurfaceshouldbesimilar
in both typesof surfacesPolar protic liquids, however,
typically wet highly fluorinatedsurfaceslesswell than
they wet hydrocarbonsurfaces.” Therefore,we would
not expectthe contributionof hydrogenbondingto the
increasedvettabilitiesof the CFs-terminatedSAMsto be
significant. To test this hypothesis,we examinedthe
wettabilitiesof the CFs- and CHs-terminatedSAMs with
the polar aprotic liquid DMF, which cannotserveas a
hydrogenbonddonor!® If the increasedvettabilities of

120

110 - m » u n
0] o— ¢ —@ .
90 -
80 -
70
60 P ® * *
50 4
40
)2 07
0 : . : ]
13 14 15 16

Total Number of Carbon Atoms

Figure 3. Advancing contact angles of hexadecane (¢3, @), water ((7, W) and glycerol (>, 4) on (a) CHsz-terminated SAMs of
series 3 (open symbols) and (b) CFs-terminated SAMs of series 1 (filled symbols) as a function of the total number of carbon

atoms per adsorbate
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Figure 4. Advancing contact angles of DMF (A, A), acetonitrile (Y7, W), nitrobenzene (O, @) and DMSO (3%, %) on (a) CHs-
terminated SAMs of series 3 (open symbols) and (b) CFs-terminated SAMs of series 1 (filled symbols) as a function of the total

number of carbon atoms per adsorbate

the CRs-terminated SAMs were predominatelydue to
hydrogenbonding,the contactangleof DMF would be
expectedo be higheron the fluorocarbonsurfaceghan
on the hydrocarbonsurfaces.The wettabilities of DMF
on the CFs-terminated SAMs, however, were signifi-
cantly higher than on the CHs-terminated SAMs, as
indicated by an averagevalue of Af,=—13°. These
results argued against the participation of hydrogen
bondingin enhancinghe wettabilitiesof polarliquids on
the CRs-terminatedSAMSs.

Shafrinand Zisman proposedhat the substitutionof
trifluoromethylgroupsfor the terminalmethyl groupsin
a hydrocarbormonolayemwould createan orientedforce
field that could interact attractively with liquid mol-
ecules’ Indeed,the wettabilities of DMF on our CFs-
terminatedSAMs are consistentwith the presenceof a
force field composedof oriented dipoles. Additional
evidencefor theseorienteddipoleswas providedby the
observationof an odd—even(or parity) effect for the
contactanglesof DMF, acetonitrile, nitrobenzeneand
DMSO on the CFs-terminated SAMs (Fig. 4). With
regardto wettability, the odd—eveneffect refersto an
alternationof the contactanglesof aliquid on a seriesof
monolayersasa function of the total chainlengthof the
adsorbate$®?° This phenomenoris manifestedin the
wettabilitiesof hexadecanen SAMs of n-alkanethiolsas
the observationof lower contactangleson SAMs of
adsorbatewith an odd total numberof carbonatoms
(odd-numbere®AMs) thanon SAMs of adsorbatewvith
an eventotal numberof carbonatoms(even-numbered
SAMS). In the even-numberedSAMs, the terminal
CHs—CH, bondis orientednearlyparallelto the surface
normal, thus presentinga surfacethat is predominately
composeaf methylgroups;n theodd-numbere®AMs,
the terminal CH;—CH, bond is tilted away from the
surface normal, thus presenting a surface that is
composedof methyl groupsand underlying methylene
groups[Fig. 5(a)]. The contactanglesof hexadecanare
lower on the odd-numbere@®AMs becauseghe exposure

Copyright0 2000JohnWiley & Sons,Ltd.

of the underlyingmethyleneunits increaseshe number
of attractivedispersivecontactswithin the areaof liquid
droprelativeto that of the even-numbereAMs 21
We observedheodd-evereffectin thewettabilitiesof
the CHs-terminatedSAMs with hexadecangFig. 3(a)].
In contrast,no odd—eveneffect was observedfor the
wettabilities of the CFs-terminatedSAMs with hexade-
cane[Fig. 3(b)]. Thisresultcanbeattributedto thelarger
sizeof atrifluoromethylgroup,which apparentlyshields
the underlyingmethylenegroupin the caseof the odd-

Figure 5. Schematic representation of the odd—even effect
on the orientation of (a) the CH3—CH, terminal bond in
CHs-terminated SAMs on gold from series 3 and (b) the
CFs—CH, surface dipoles in CFs-terminated SAMs on gold
from series 1. (Note: the depicted structures serve only to
illustrate the relative alternation of the average terminal
group orientation as a function of chain length.)

J. Phys.Org. Chem.2000;13: 796-807
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numbered SAMs, and consequently offers similar

numbersof attractive dispersivecontactsas the even-
numberedSAMs. Glycerolandwaterfailed to exhibitan

odd—eveneffect on both the CHs- and CRs-terminated
SAMs[Fig. 3(a)and(b), respectively] Thesepolarprotic

contacting liquids are highly self-associatedthrough
hydrogen bonding, which apparently renders them
insensitiveto small changesin the interfacial interac-
tions.Like thewettabilitiesof DMF, thoseof acetonitrile,
nitrobenzeneand DMSO were all greateron the CF»-

terminatedsurfaceghanonthe CHs-terminatedsurfaces.
Furthermorethe wettabilitiesof all of the polar aprotic
liquids onthe CHs-terminatedsurfacesxhibitedanodd-—
eveneffect[Fig. 4(a)], reflectingtheir sensitivityto small

changesn the interfacial interactions.The wettabilities
on the CFRs-terminated surfaces,however, revealed a

remarkablydifferenteffect[Fig. 4(b)]: thecontactangles
on the odd-numberedsAMs were higher thanthoseon

the even-numbere SAMs.

If the underlying structuresof both types of mono-
layersareequivalentthentheterminal CFs—CH, bonds
in the CFs-terminated SAMs should alternatein an
manneranalogougo that of the CHs—CH, bondsin the
CHa-terminated SAMs. The lattice spacing and the
conformationalorderof the monolayerswvere previously
examinedby atomic force microscopy (AFM)?? and
polarization modulation infrared reflection absorption
spectroscopyPM-IRRAS)?® AFM imagesshowedthat
the lattice spacingbetweentrifluoromethyl and methyl
groupsin the respectiveSAMs were indistinguishable
(~5.0 A). PM-IRRAS showedthat the conformational
orderof theunderlyingmethylenechainsin bothtypesof
monolayers were also similar, as indicated by the
invariablebandpositionof the antisymmetrianethylene
stretchingvibration.In light of theseresultswe areleft to
considerarationalizationfor theinverseodd—evereffect
observedon the CFs-terminatedSAMs basedsolely in
termsof theorientationof theterminalgroupgFig. 5(b)].
The terminal CFs—CH, bondsin the even-numbered
SAMs arealignednearly parallel to the surfacenormal,
therebypresentinga vertically orientedforce field that
interacts strongly with the dipole moments of the
contacting liquid molecules. In contrast, the tilted
orientationof the terminal CFs—CH, bondsin the odd-
numberedSAMs aligns the dipoles of adjacentadsor-
bates in a head-to-tail fashion that allows them to
partially compensateone another. This compensation
reducesthe strength of the oriented force field and
consequentlyincreasesthe contact angles relative to
thoseof the even-numbere8AMsvia weakenedlipole—
dipole interactionsbetweenthe surfaceandthe contact-
ing liquid molecules.

Shafrin and Zisman attributedthe unique wettabilities
of CFs-terminatedmonolayersto the presenceof CFs—
CH, surfacedipoles.” They proposedthat replacingthe
trifluromethyl group with perfluoroethyl, perfluoropropyl
or longer perfluoroalkyl groupswould move the dipole

Copyright0 2000JohnWiley & Sons,Ltd.
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Figure 6. Advancing contact angles of heptane (+), decane
(), tridecane (x), and hexadecane (@) on terminally
fluorinated hexadecanethiol SAMs of series 2 as a function
of the total number of fluorinated carbon atoms per
adsorbate (n)

furtherfrom theinterface andthusreducetheinfluenceof
the dipole upon the wettabilities® To test this propasal,
they examinedthe wettabilities of monolayersgenerated
from the adsorptionof terminally fluorinated alkanoic
acids F(CR)(CH,)\COOH (n=2, 3, 5, 7; m=16) on
chromium. As the dipole becameprogressivelyburied
beneaththe surface,the wettabilities of the terminally
fluorinatedmonolayersapproachethoseof perfluorinated
monolayerswhich possessedo R—Ry dipoles.Both the
wettabilitiesand the critical surfacetensionsof the films
decrease@sthe degreeof fluorinationincreased.
Motivatedby Zisman’sstudieswe exploredthe effect
of progressiveéerminalfluorinationonthewettabilitiesof
non-polar (heptane, decane, tridecane, hexadecane),
polar protic (water, glycerol) and polar aprotic (aceto-
nitrile, DMF, nitrobenzeneDMSO) contactindiquids on
a series of SAMs generatedfrom the adsorption of
hexadecanethiol(C.s) and the series 2 terminally
fluorinatedhexadecanethiolsn gold>* Figure 6 shows
theadvancingcontactanglesmeasuredor the non-polar
contacting liquids as a function of the number of
fluorinatedcarbonatomsper adsorbateFor eachliquid,
the contactanglevaluesexhibit a minimum on the CH,-
terminatedSAM and steadilyincreaseas the degreeof
fluorination increases. This trend suggeststhat the
dispersiventeractionsbetweernthe non-polarcontacting
liquids andthe SAMs decreasevith increasingfluorina-
tion. In contrast,the contactangle valuesfor the polar
proticandpolaraproticcontactindiquids exhibitminima
on the CFs-terminated SAM rather than the CHs-
terminatedSAM (Fig. 7) owing to the presenceof the
orientedCF—CH, dipoles(seeabove).Moreover,asthe
degreeof fluorinationincreasedurther, andthe oriented
dipoleis consequenthpurieddeepelinto the monolayer
surfacethecontactanglesof the polarliquidsincreasdo
maximumvaluesfor highly fluorinatedsurfacedi.e. sur-
faceshavingmorethanfive fluorinatedcarbonatoms).

J. Phys.Org. Chem.2000;13: 796-807
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Figure 7. Advancing contact angles of water (H), glycerol
(¢), DMF (A), acetonitrile (W), nitrobenzene (@), and
DMSO () on terminally fluorinated hexadecanethiol SAMs
of series 2 as a function of the total number of fluorinated
carbon atoms per adsorbate (n)

By plotting the cosinesof the contactanglesfor the
non-polarcontactingliquids versusthe surfacetensions
of the contactingliquids (v, =20.3mJm™2 for heptane,
23.9mJm 2 for decane25.9mJ m 2 for tridecaneand
27.5mJm~2 for hexadecane)ye calculatedthe Zisman
critical surfacetensions(yc) of the SAMs®~® Figure 8
showsy¢ asa function of the degreeof fluorination for
both the terminally fluorinated hexadecanethioSBAMs
and Zisman’'s terminally fluorinated alkanoic acid
monolayersAs the numberof fluorinatedcarbonatoms
increases;)c decreasedor both types of monolayers.
Despite this similarity, the following differencesare
noteworthy.Shafrinand Zismanreportedthat yc of the
perfluoroheptyl<¢rminatedmonolayer(8.0mJm~2) was
similarto thatof a perfluorooctadea®ic acidmonolayer
(7.9mJ m?), andtherefore,suggestedhat a degreeof
fluorination of sevencarbonatomsin a film generated
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Figure 8. Critical surface tensions of Zisman's terminally
fluorinated alkanoic acid monolayers (@) and terminally
fluorinated hexadecanethiol SAMs of series 2 (H) as a
function of the total number of fluorinated carbon atoms per
adsorbate (n)
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from terminally fluorinatedadsorbatesvas necessaryo
achievea wettability equivalentto a fully fluorinated
film. In contrast,yc reachesa minimum value of 5.0mJ
m~2 on the perfluoropentyl¢rminated SAM of the
hexadecanethiolseries and remains constant for all
higherdegreef fluorination. Theseresultssuggesthat
thedegreeof terminalfluorinationrequiredto achievethe
properties of complete fluorination is lower in the
hexadecanethiocbBAMs thanin the alkanoicacid mono-
layers.Furthermore the valuesof yc for the hexadeca-
nethiol SAMs are all consistentlylower that those of
analogouslyfluorinatedalkanoicacid films. We propose
that these results reflect inherent differencesin the
crystalline order, packing density and robustnessof
SAMs of n-alkanethiols on gold versus those of
monolayers generatedfrom alkanoic acids on chro-
mium®21° For a given degree of fluorination, the
formation of a more poorly formed film in the caseof
the alkanoic acid monolayerswould exposeunderlying
CF, groups(or CH, groupsin the caseof the CHs- and
CFs-terminatedilms), which would increaseghe number
of available attractive dispersiveinteractionsand thus
increasdhevalueof y¢ relativeto thatof the alkanethiol
SAMs.

Evaluation of interfacial energies from
wettabilities

Subsequertb Zisman’sempiricalcorrelationconcerning
the yc of a solid andthe contactanglesof probeliquids,
many researcherfiave soughtto developa methodfor
theoreticallyestimatingthe surfaceenergyof a solid (y<)
from contactangledata® Centralto all of theseeffortsis
Young's equation?®%’

v COSha = Ysv — YsL (1)

whichrelatesthe contactangleof aliquid in contactwith
asolid in anatmospher®f vaporto the free energieof
the solid—vapor liquid—vaporandsolid—liquidinterfaces
(seeFig. 1). Zismandefinedyc = y.v, when 6, =0°.58
As a result, the applicationof this relation to Eqgn. (1)
yieldsvc =vsv — 7vsL. Therefore,yc is a measureof the
surfaceenergyof a solid, but is not necessarilyequalto
the surfaceenergybecauses, is notrequiredto be zero
whend, equalszero.

Dupre demonstratedhat the work of adhesiorat the
solid—liquidinterfaceis relatedto thefree energief the
solid—vapor(ysy), liquid—vapor (y.v) and solid—liquid
interfaces(ys, ).2° Equation(2)

WsL = v + vsv — YsL (2)

showsthatto separatean areaof liquid from an areaof
solid, an areaof liquid—vapor interfaceand an areaof
solid—vaporinterface must be created,but an area of

J. Phys.Org. Chem.2000;13: 796-807



802 R. COLORADO,JR,AND T. R.LEE

solid—liquid interface must be destroyed.Combining
Eqgns(1) and(2) yields the Young—Dupfeequation:

WsL = v (14 cosb,) 3)

whichrelateghecontactangleof aliquid onasolidto the

work of adhesiorbetweerthe solid andliquid. With this

equation,Ws, canbe determinedfrom the two readily

measurablguantitiest, andy,y (i.e. the surfacetension
of theliquid). Calculationof ysy (i.e. the surfaceenergy
of the solid) from thesetwo quantities, however, is

unteggbldoecauseugL is difficult to estimateexperimen-
tally.

On the basisof Berthelot'srule for the combining of
intermolecularinteractionsin the gasphase,Good and
Girifalco proposedthat W5, can be expressedas the
geometric mean of the component interfacial free
energiesysy andyy:2°

Wsp = 20 (yyysy)®? (4)

where ® representsa correction factor for non-ideal
interactionsbetweerthe solid andliquid. Thevalueof ®
is equalto 1 when the interactionsat the solid-liquid
interfaceare entirely dispersiveand of the samenature
(e.g. hydrocarbon—hydrocarbomteractions).For non-
ideal systems® mustbe estimatedirom the molecular
propertiege.g.molarvolume,ionizationenergiespf the
solid andliquids. When® =1, Eqns(2) and (4) canbe
combinedto give

s = [(9sv)>° = (nv) %) (5)
which showsthatys, approachegeroasy \ approaches
ysv- Accordingly, yc equalsysy only whenthe interac-
tions at the solid—liquid interfaceareideally dispersive.
Combining Eqns (3) and (4) gives the Good-Girifalco
equation:

v (1 + costa) = 28 (v vsy)>® ®)

If ®isknown,thenysy canbeestimatedrom 6,andy,y .
Unfortunately, the estimation of ® requires detailed
knowledgeof the chemical compositionof the liquids
andsolids,andhasbeenshownto behighly dependentn
the modelusedto computeit.**

Fowkesmodifiedthe treatmentof GoodandGirifalco
to allow for theestimationof interfacialenergiesn terms
of the specificinteractionsoccurringat the solid-liquid
interface® His approachwas basedon the assumption
thatthe surfacefree energyof aliquid or solid (y) canbe
expressedsthesumof theenergiesassociateavith each
individual type of molecularinteractionoccurringwithin
the liquid or solid. For example,if moleculeswithin a
liquid or solid are subjectto dispersive(y%), polar (;4°),
inductive ('), hydrogen bonding (), and metallic

Copyright0 2000JohnWiley & Sons,Ltd.

bonding (™) interactions,then the surface energy of
theliquid or solid canbe describedoy

Y= AP A A A (7)

Additional terms may be added if other types of
interactionsoccurwithin the liquid or solid.
Fowkesassumedhat the interfacial energybetween
two surfaces; » is the sumof the respectiveenergieof
eachsurfaceat the interface.If only dispersiveinterac-
tionsoccurattheinterface theenergyat surfacel equals
its total surfaceenergyy, minusthe geometricmeanof
the dispersivecomponentgor both surfaceg(y;° yz‘i)o'S;

likewise, the energyat surface2 equalsy, — (112 7,%)°.
The sumof thetwo energiesyields
M2 =7+ - 2Aneh)" (8)

which can be rearrangedo give an expressionfor the
work of adhesiorbetweensurfacesl and2:

Wi, = 2(7194,%)%° (9)

NotethatEqn.(9) is similar to Eqn.(4), wheresurfacel
isasolidandsurface? is aliquid with two exceptions(1)
no correction factor is used; and (2) the dispersive
componentsf thesolid andliquid free energiesareused
insteadof the total solid and liquid free energies.By
applying Egn. (3), thesedispersivecomponentsan be
relatedto 6, andy, v as
v (1 + cosbl) = 2(ysy v )% (10)

Equations (9) and (10) are known as the Good-
Girifalco—Fowkes(GGF) equations.With theseequa-
tions, the dispersivecomponentof the free energyof a
solid (ysv?) canbe estimatedrom the contactangleof a
purely dispersiveliquid (v.v =7.v%. Additionally, the
dispersivecomponentf thefree energyof a polarliquid
(e.g.water, acetonitrile, DMSO) can be estimatedfrom
their contactangleson solids of known ys,®. Further-
more,Eqgn.(10) canberearrangedo revealthefollowing
linearrelationbetweencosé, and yLVd:

€080a = 2(ysv*)* (v ) *° — 1 (11)

whichdemonstratethatthe surfacefreeenergyof asolid
is more accuratelyestimatedby plotting cos 6, versus
(v °® asopposedo Zisman’smethodof plotting it
versusy 4.14%°

Dann, through studies of functionalized polymers,
observedhat for many systemsinvolving polar liquids
and/orsolids,experimentallydeterminedvaluesof Wsg,
calculatedwith Eqgn. (3), were often greaterthan those
predictedby Eqn. (9).3'*2 Theseobservationsuggested
that non-dispersive interactions could also interact
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effectively at the interface.In light of theseresults,a
modificationto the GGF equationwas offered:

WsL = 2(’std’YLvd)0'5 +1sP (12

where Ig P representscontributions to the work of
adhesionthat arise from non-dispersiveinteractions,
such as electrostatic, metallic, or hydrogen-bonding
forces.Alternatively, this contributioncanbe labeledas
thepolarwork of adhesiondenotedoy Ws, P. In thesame
manner the first termin Eqn. (11) canbe definedasthe
dispersivework of adhesionWs, %. Accordingly,thework
of adhesiorfor a solid—liquidinterfacecanbe expressed
as the sum of its dispersiveand polar components:
Wsp = Ws 4+ Wg, P Using Eqgn. (10), we arrive at the
following expressiorfor Ws, ":

WSLp = v (1 =+ COS@a) - Z(WSVdeLVd)O'S (13)

Interfacial energies of terminally fluorinated
SAMs

To provideadditionalinsightinto thenatureof theunique
wettabilities of CFs-terminated SAMs, we calculated
Ws. P for SAMs generatedrom the seriesof progres-
sively fluorinated hexadecanethiolérom their contact
angledata®® As a first step,we determinedhe average
valueof ys\® of the non-polarSAMs generatedrom the
n-alkanethioladsorbategCx, where x = 13-16) for the
purposeof usingthis valueto estimatey, ® for the polar
contactingliquids using Egn. (10). The averagecontact
anglesfor the non-polarhydrocarboriquids on the non-
polarCHs-terminatedSAMswere34° for decane41° for
tridecane,and 48° for hexadecangheptanecompletely
wet the methyl-terminatedSAMs (6, = 0); consequently,
yc for these SAMs were determinedfrom the contact
angledataof thethreeremainingdispersivenydrocarbon
liquids]. Thesevalueswereusedin conjunctionwith Eqn.
(11) to calculatean averageysy® = 19.7mJ m 2. Using
ysv? andliteraturevaluesof y,y,32 the following values
of . for the polar contactingliquids weredetermined,
again using Eqn. (10): water, vy =72.4mJ m 2,
yv?=22.8mJ m~% glycerol, v =64.0mJ m2
vv?=31.8mJ m % DMF, ~y=36.8mJ m?

yv?=28.7mJ m™? acetonitrile, v,y =27.0mJ m~2,
yv®d=18.6mJ m~2; nitrobenzeney, v = 43.8mJ m~?,
vaZ=41.1mJ m~? and DMSO, vy =43.5mJ m™?

v =32.0mI m2 Thesevaluesof 7., were within

+3mJ m 2 of thosereportedin the literature,and thus
demonstratethe appropriatenessof using non-polar
SAMs as the dispersivesolids in thesecalculations®®

Valuesof s\ for theterminally fluorinatedSAMs were
alsocalculatedrom Eqn.(11) usingcontactanglesof the
non-polarconatctingliquids (heptanedecanetridecane
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Table 1. Values of ys,® (mJ m~2) for progressively fluorinated
hexadecanethiol SAMs estimated with n-alkanes

Fn 75 Fn 7sv°
F, 147 Fo 98
F> 12.4 F 9.8
F, 11.4 Fo 97
F4 10.3 F 9.6
Fs 10.2 Fio 95

and hexadecanefig. 6), which were previouslyusedto
estimatethe valuesof yc in Fig. 8. Table 1 showsthe
contactanglesand the valuesof ys,® calculatedfor the
terminally fluorinatedhexadecanethidbAMs.

Figure 9 showsWs, P, calculatedfrom Eqgn. (13), for
the polar contactingliquids on the terminally fluorinated
hexadecanethiolSAMs plotted as a function of the
numberof fluorinatedcarbonatomsper adsorbateEach
contactingliquid exhibitsa maximumvalue of Ws, and
Ws. P on the CFsterminated SAMs. These results
indicate that the SAM that holds the R—Ry dipole
closestto theinterfaceexhibitsthe strongestnteractions
with the contacting polar liquids. As the degree of
terminal fluorination increases,the values of Wg.P
decrease, reaching constant values for degrees of
fluorination abovefive carbonatoms.We believe that
this decreasein Wg P reflects the decreasedpolar
interactionsthat accompanythe increaseddepth of the
R—Ry dipolesbeneattthemonolayersurface Thevalue
of W5, equalszerofor all polarcontactindiquids onthe
CHgs-terminated SAM, indicating that only dispersive
interactions are presentbetweenthe liquids and the
SAMs. The non-zerovalues of Ws P for degreesof
fluorination above five carbon atoms are, however,
peculiar, and suggestthat non-dispersiveinteractions

W,,? (mJd m2

01 2 3 4 5 6 7 8 9 10
Number of Fluorinated Carbon Atoms (n)

Figure 9. Polar works of adhesion, calculated using
hydrocarbons as the dispersive standards, of water (W),
glycerol (@), DMF (A), acetonitrile (W), nitrobenzene (@),
and DMSO (3k) on terminally fluorinated hexadecanethiol
SAMs of series 2 as a function of the total number of
fluorinated carbon atoms per adsorbate (n)
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Figure 10. Advancing contact angles of cis-perfluorodecalin
(@ on terminally fluorinated hexadecanethiol SAMs of series
2 as a function of the total number of fluorinated carbon
atoms per adsorbate (n)

existbetweerthe polarliquids andthe highly fluorinated
SAMs, eventhoughthe influenceof the R—Ry dipoles
hasbeenremoved.To rationalizethis discrepancywe
proposehatthevaluesof 7,9 andys,® usedto calculate
Ws. P are improperly estimatedowing to the non-ideal
dispersiveinteractionsbetweenhydrocarbonand fluor-
ocarbong*** Thesenon-idealinteractionscanplausibly
give rise to the non-zerovaluesof Ws, P for the highly
fluorinatedfilms.

The non-idealdispersiveinteractionsbetweenhydro-
carbonsand fluorocarbonsare apparentfrom their poor
miscibilities* Fowkesreportedthatvaluesof s\ for a
highly fluorinatedmonolayerdeterminedwith Eqn. (10)
using fluorocarbonsas the dispersivecontactingliquids
were higher than those obtainedusing hydrocarbons?
ChaudhuryandWhitesidegdirectly measuredhe ys, of
hydrocarbonand fluorocarbonmonolayersadsorbedon
polydimethylsilokane(PDMS)usingcontactdeformation
studies>®**Theseauthorscomparedhemeasuredalues
to thoseestimatedwvith Eqn.(10)usingthecontactangles
of fluorocarbonand hydrocarbonliquids. The value of
ysv? for the fluorocarbonmonolayerestimatedwith the
fluorocarbonliquid agreedwith the measuredvalue,
whereasthe value obtainedwith the hydrocarboriquid
underestimatedhe measuredvalue. Similarly, for the
hydrocarbonmonolayer,the value estimatedwith the
hydrocarbonliquid agreedwith the measuredvalue,
whereasthe value obtainedwith the fluorocarbonliquid
underestimatedthe measured value. These results
suggestedthat the ys,® of fluorocarbon monolayers
would be more accuratelyestimatedusing the contact
anglesof fluorocarbonliquids.

Accordingly,we recalculatedhevaluesof ys,* for the
terminally fluorinatedhexadecanethiddAMs usingEqn.
(10) and the measuredadvancingcontactanglesof cis-
perfluorodecalin(PFD, v, = 19.2mJ m~2), which are
plottedin Fig. 10. The alternativevaluesys,® areshown
in Table 2. Conversely,we recalculatedthe values of
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Table 2. Values of ys,® (mJ m~2) for progressively fluorinated
hexadecanethiol SAMs estimated with cis-perfluorodecalin

Fn 75 Fn 7sv°
F 173 Fo 14.4
F> 16.2 F 14.3
Fs 15.9 Fo 14.1
F4 14.7 F 14.1
Fs 14.7 Fio 13.9

v of the polar contactingliquids with Eqn. (10) using
the highly fluorinated SAM generated from
F(CR)10(CH,)sSH (PFD-determineds,” = 13.9) asthe
dispersivesolid,insteadof usingthen-alkanethiolSAMs.
This treatment gave the following values: water,

yv =72.4mJ m 2 4%=17.0mJ m2 glycerol,
v =64.0mJ m2 ~,%=23.7mJ m % DMF,
v =36.8mJ m~2, ~v,v9=27.4mJ m~% acetonitrile,

v =27.0mJI m 2, 4.v9=16.4mJ m~Z nitrobenzene,
v =43.8mJ m2, 4,,%=33.5mJ m2, and DMSO,
Yy =43.5mIm~2, v 9=27.6mIm 2

Figure 11 showsthe valuesof Wg, P for the hexadeca-
nethiol SAMs recalcuated using the revised values of
y,_vd and ysvd. The valuesof Wg,P for all polar liquids
againexhibitmaximaonthe CFs-terminatedSAM. Thes
values,howeve, now decreas asthe degreeof fluorina-
tion increasesand reach constantvalues of zero for
degreesof fluorinaion above five carton atoms We
proposethat for the highly fluorinatedfilms, thesedata
more accuately reflect the polar interactions at the
interface.Speifically, polar interactionscontibuteto the
work of adhesiorwhenthe R—Ry dipolesare nea the
surfaceof themonolayer As thes dipolesbecomeburied
beneath the surface with an increashg degree of
fluorination, the polar contributin is reduced ultimately

16

14 4

12
10
8
6 4

NSy
NN X R,
RRXETE
R, ™

WP (mJm?)

2 ]
0 4

- M,...___

6o 1 2 3 4 5 6 7 8 9 10
Number of Fluorinated Carbon Atoms (n)

Figure 11. Polar works of adhesion, calculated using
fluorocarbons as the dispersive standards, of water (H),
glycerol (@), DMF (A), acetonitrile (W), nitrobenzene (@),
and DMSO (%) on terminally fluorinated hexadecanethiol
SAMs of series 2 as a function of the total number of
fluorinated carbon atoms per adsorbate (n)
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leavingonly purely dispersve interactiors attheinterface
(for degreef fluorinationabovefive carbonatoms).

Based on work by Oss, Chaudhury,and Good?3’
Fowkesproposedhatall interactionsacrossaninterface
could be classified into two types: dispersive (e.g.
hydrocarbon—hyacarbon interactions, fluorocarbon—
fluorocarboninteractions)andacid—basde.g.,hydrogen
bonding, Lewis complex formation) interactions®>>3
Consequently,the work of adhesionwas expressed
as Ws, = Ws ® + W, *B. This equation suggeststhat
all polar contributionsto the work of adhesionarise
from acid—basenteractions.The observedrendsin the
Ws. P calculated for the polar protic liquids on the
hexadecanethiolSAMs, however, argue against the
participationof hydrogenbondingin increasingWs, for
the CRs-terminatedSAM. We previously arguedthat if
hydrogen bonding between polar protic liquids and
fluorineatomsat the monolayersurfacewereresponsible
for theincreasedvettabilities,Ws, P would beexpectedo
increaseas the degreeof fluorinationincreased? given
the observatiorthat contactingliquids can senseburied
functional groups®® Implicit in this argumentwas the
assumptiorthat the fluorine atomsin a CFs-terminated
hydrocarborandthosein a CFs-terminatedfluorocarbon
have equivalent abilities to accept hydrogen bonds.
Alternatively, since the polarity of the R—Ry bondin
the CRs-terminated hydrocarboncausesthe attached
fluorine atomsto becomeelectron-rich(i.e. good Lewis
bases)and the attachedhydrogen atoms to become
electron-pool(i.e. goodLewis acids),acid—basenterac-
tionswith the contactindiquids might plausiblygive rise
to the observedrendsin wettabilitty.

Fowkes considered the large self-association(as
indicated by their immiscibilities with squalene)of
certain polar aprotic liquids (e.g. DMF, acetonitrile,
nitrobenzene DPMSO) to reflect the presenceof both
Lewis acidic and basic sites within the molecules
(bifunctional liquids), which would interact to form
acid—baseomplexesPolaraproticliquids thatwereless
strongly self-associatedas indicatedby their favorable
miscibilities with squalene,e.g. pyridine, tetrahydro-
furan, chloroform and methylenechloride) were con-
sideredo consistof moleculeghatcontainednly acidic
or basic sites (monofunctionalliquids), and therefore
could not form intermolecular acid—basecomplexes.
Berg showedthat monofunctionalliquids could interact
with solid surfacespossessingnonofunctionalgroups
of complementaryLewis characterto increase the
work of adhesion;monofunctionalliquids showedno
such interaction with surfacescontaining monofunc-
tional groupsof equivalentLewis characte?>

According to Fowkes’stheories,pyridine, which is
monofunctionallybasic,shouldfail to exhibit any polar
interaction with the CFs-terminated hexadecanethiol
SAM, which presentsan orderedarray of electron-rich
CF; groupsattheinterface . Thecontactangleof pyridine
on the CFs-terminatedhexadecanethioBAM would be
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Figure 12. Advancing contact angles of pyridine (3%, %) on
(a) CHs-terminated SAMs of series 3 (open symbols) and (b)
CFs-terminated SAMs of series 1 (filled symbols) as a function
of the total number of carbon atoms per adsorbate

expectedto be higher than that on the CHs-terminated
hexadecanethi@®AM, giventheirrelativevaluesof yg, .

We observedhowever thatthe contactangleof pyridine

is lower on the CFs-terminatedhexadecanethioSAM

(0.°"=60°) than on the CHs-terminated hexadeca-
nethiol SAM (.- = 70°). Sincethis resultfails to agree
with a behaviorpredictedby either dispersiveor acid—
base interactions, it suggeststhat another type of

interaction servesto increasethe wettability on the

CFs-terminatedSAM. We proposehatthe dipolesof the

pyridine molecules interact electrostatically with the

oriented R—Ry surface dipoles presentin the CFs-

terminated SAM. Further supportfor this proposalis

provided by the observationof an inverse odd—even
effect for the wettabilities of the series1 SAMs with

pyridine (Fig. 12). Hence,the dipoles of the pyridine

moleculesappearto be sensitiveto alternationsin the

strengthof the electrostaticforce field presentat the

monolayersurface.

Onthebasisof theseresultswe believethat Fowkes'’s
expressionfor the work of adhesion,Ws_= Ws 9+
Ws B, offers a useful, but limited representatiorof
interfacial interactions. We instead feel that Dann’s
expressionWs, = Ws, @ + Wg, P, whereWs, P is the sum
of the individual types of polar contributions,such as
acid—bas€Ws, *?) or electrostatidnteractions(Ws, 9,
is moreappropriateOurresultshighlightthefactthatthe
work of adhesioncanbe stronglyinfluencedby dipole—
orienteddipole interactionsin caseswherethe surfaces
possess high degreeof order.We thereforeproposethe
inclusion of an oriented-dipolecomponentWs, °°, into
the expressionfor Ws, (i.e. Wg = Wsg @ + Wg "® +
Ws, ©P). TheWsg, °P termrepresents uniqueandlargely
neglectedype of electrostatiénteraction Its inclusionin
theexpressiorior thework of adhesiorwill undoubtedly
provide a more completedescriptionof the interactions
occurringat interfacessuchasthosedescribechere.

In previous studies:>*3*® we estimatedthe polar
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componenbf the surfacefree energy(ys\”) andthetotal
surfacefree energy (ysy) of seriesl SAMs using an
approachdevelopedby van Osset al.,.*” basedon the
extended Fowkes equation proposedby Owens and
Wendt3® This approachassumesthat Ws” can be
approximated by the geometric mean expression
2(svP 7vP)°>. Both Fowkeset al.®® and Berg?® have
suggestedhat this particular use of a geometricmean
approximationis inappropriatebecausethe mannerin
whichapolarmaterialinteractswith otherpolarmaterials
may be different than the mannerin which it interacts
with itself. Indeed, Dann cautionedthat even though
Ws, P is afunctionof ys\,” andy, P, therelationbetween
the two is probably complex3? For thesereasonswe
abandonedhis approachand, instead,choseto express
the energeticsof the SAMs solely in termsof the dis-
persiveand/orpolarcomponentsf thework of adhesion.
Before a comprehensivaunderstandingof the inter-
facial interactionsbetweenpolar liquids andfluorinated
SAMs can be achievedthe following threeissuesmust
be addressed(1) the influenceof the size, shapeand
dipole momentof the polar moleculesin determining
Ws, P mustbe evaluated(2) the natureandmagnitudeof
the non-ideal interactions between hydrocarbonsand
fluorocarbonsnustbe determinedand(3) changesn the
lattice spacing of the SAMs that accompany the
increasing degree of fluorination must be measured.
The last issue can perhapsbe addressedndirectly by
examiningthe wettabilitiesof the n-alkaneg(Fig. 6) and
PFD (Fig. 10) on specificallyfluorinatedSAMs. Future
studieswill exploretheseandrelatedissues.

CONCLUSIONS

Studiesof the wettabilitiesof SAMs on gold generated
from CFs;-and CHs-terminatedalkanethiolsrevealedthe
following observations:(1) non-polar hydrocarbonli-
quidswet the CFs-terminatedsurfacelessthanthe CHa-
terminatedsurfaces(2) polarprotic liquids wet the CFs-
terminated surfaces more than the CHs-terminated
surfacesand(3) polar aproticliquids alsowet the CFs-
terminated surfaces more than the CHs-terminated
surfaces.The first observationwas attributed to the
weaker strength of hydrocarbon—fluarcarbon interac-
tions in comparisonwith to hydrocarbon—hydrochon
interactions.Initially, we proposedhat either hydrogen
bonding between the liquids and fluorine atoms or
dipole—orienteddipole interactionsbetweenthe dipoles
of the liquids andthoseof the terminal CFs—CH, bond
of the adsorbateswere responsiblefor the second
observationThe third observationhowever,wasincon-
sistent with the hydrogenbonding proposal, but was
compatiblewith thedipole-orienteddipole proposalThe
observation of an inverse odd—even effect for the
wettabilities of the polar protic liquids as a function of
the chain length of the monolayeradsorbategprovided
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furtherevidencefor the dipole—orientedlipole proposal.
The effect of burying the oriented dipole beneaththe
monolayersurfaceon the wettabilitieswas investigated
by progressivelyincreasingthe number of fluorinated
carbonatomsin a seriesof hexadecanethichdsorbates.
The wettabilitiesof the non-polarliquids decreaseavith
increasingdegreeof fluorination owing to the increased
hydrocarbon—fluoraarboninteractions The wettabilities
of the polarliquids decreasedrom a maximumvalueon
the CFs-terminated SAM with increasing degree of
fluorination, reflecting an increasedseparatiorbetween
the orienteddipole and the surface.The critical surface
tensionsof the SAMs wereevaluatecandcomparedvith
thoseof ananalogouseriesof films preparecdy Zisman.
Althoughboth seriesexhibitedsimilar trends the critical
surface tensions of the hexadecanethiolSAMs were
consistentlylower than those of the analogousfilms,
suggestinghat Zisman’'sfilms werelessdenselypacked
and/orlessorderedthanthe hexadecanethidbAMs. We
calculatedpolar works of adhesionfor the contacting
liquids on the hexadecanethiolSAMs using both
hydrocarbonsnda fluorocarboriquid asthe dispersive
standards. Better estimates were obtained on the
fluorinatedSAMs whenthe fluorocarborliquid wasused
asthe standardThe polarwork of adhesiorwaszerofor
the CHs-terminatedSAM, exhibited a maximum value
for the CFs-terminatedSAM, andthendecrease@sthe
degreeof fluorinationincreasedThe interfacialenergies
of thehexadecanethi@AMsreachedonstantaluesfor
degreesof fluorination above five carbonatoms. The
wettability of pyridine on the CFs-terminated SAMs
indicated that dipole—orienteddipole interactions, not
acid—basenteractionswereresponsibldor the observed
trends in wettability. Taken together, these results
highlight the largely neglectedinfluence of oriented
dipole interactionsin well-orderedinterfacial systems.

EXPERIMENTAL

Materials. The contactingliquids were of the highest
purity available and were used as purchasedfrom
commercialsuppliers.The n-alkanethiolsusedto gen-
eratethe hydrocarbonSAMs were either purchasedr
synthesizedusing common methods. The terminally
fluorinatedalkanethiolsveresynthesizedisinga method
developedn ourlaboratoriesthe detailsof the syntheses
aredescribecelsewheré?

Preparation of the SAMs. Ethanolic solutions of the
thiols (1 mm) were preparedin glassweighing bottles,
which hadpreviouslybeencleanedwith piranhasolution
(3:1 H,SOy/H,0,). Caution: piranha solution reacts
violently with organic materials,Substratesvere pre-
paredby the evaporatiorof 2000A of gold on to silicon
wafers, which were pre-coatedwith a 100A adhesion
layer of chromium. The gold-coated wafers were
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immersedn thethiol solutionsandallowedto equilibrate
for 24h. Before characterizationthe resultant SAMs
were rinsed with absoluteethanoland blown dry with

ultra-purenitrogen.The compositionof the SAMs were
previouslyverified by x-ray photelectrorspectroscop$f*

Wettabilities of the SAMSs. Contacting liquids were
dispensedon the surfaceof the SAMs using a Matrix
Technologiesmicro-Electrapette25. Advancingcontact
angleswere measuredwith a Rame Hart model 100
contactangle goniometerwith the pipet tip in contact
with the drop. Reportedvaluesfor eachSAM are the
averageof measurementskenon at leasttwo different
slidesusingsix dropsperslide. Measurectcontactangles
werewithin +1° of the reportedvalues.Propagatinghis
error through the calculations, gave errors for the
estimatedinterfacial energiesof +0.3mJ m™? for y¢
ysv? andyy and+£1.0mJIm2 for Wsy andWs, .
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